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Introduction
Plants are a primary or sole source of nutrients in hu-
man and animal diets. A well-diversified plant-based 
diet can provide all essential nutrients required for hu-
man nutrition (Grusak and DellaPenna 1999). However, 
compared to animal-derived foods, plant-derived foods 
are low or deficient in some required mineral nutrients 
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Abstract
Increased concentrations of important nutrients in edible parts of plants could result in biofortified 
foods. Soybean [Glycine max (L.) Merr.] is a major legume crop and an important source of certain 
nutrients, including protein and minerals, in human and animal diets. Understanding the underly-
ing genetic basis of seed composition is crucial to improving seed nutrient composition. In this study 
we used three soybean recombinant inbred line mapping populations derived from the crosses Wil-
liams 82 × DSR-173, Williams 82 × NKS19-90 and Williams 82 × Vinton 81, and constructed a joint link-
age map from these populations. Forty quantitative trait loci (QTLs) were detected for 18 traits: seed 
weight, seed magnesium, sulfur, calcium, manganese, potassium, iron, cobalt, nickel, copper, zinc, se-
lenium, molybdenum, cadmium and arsenic concentrations, total nitrogen:total sulfur (N:S) ratio, cys-
teine, and methionine concentrations. Using the joint linkage map, we detected nine QTLs that were 
not identified in the individual populations. We identified several candidate genes that might contrib-
ute to these traits, including transporters and genes involved in nitrogen and amino acid metabolism. 
Some strong QTLs had no obvious candidate genes, offering the possibility that subsequent confirma-
tion of these QTLs may result in identification of new genes affecting seed nutrients in soybean. Seed 
weight and seed mineral concentrations were not highly correlated, suggesting the possibility of im-
proving seed mineral concentrations without significant changes in seed weight. An inverse relation-
ship between N:S ratio and most other minerals suggests the possibility of using N:S ratio as an indi-
rect measure of seed mineral concentration in soybean breeding programs.
Keywords: nutrient concentrations, minerals, cysteine + methionine, N:S ratio, mapping
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and protein, or have unbalanced amino acid composi-
tion in total protein. Diets in developing and impover-
ished regions are often based on staple crops and can 
lead to malnutrition (Waters and Sankaran 2011). For 
this reason, there is great interest in increasing mineral 
concentrations in edible tissues of plants. The enrich-
ment of edible tissues with mineral nutrients, bioforti-
fication, is considered a sustainable and cost-effective 
approach to alleviating malnutrition and related health 
problems (Cakmak 2008; Welch and Graham 2004).
Gaining an understanding of the pathways and 
rate-limiting steps in accumulation of various seed 
nutrients is a major challenge for biofortification. Ini-
tial efforts in biofortification of seeds have focused on 
overexpression of single genes that affected mineral 
uptake, transport or storage (Goto et al. 1999; Ramesh 
et al. 2004; Vasconcelos et al. 2003, 2004, 2006). Analy-
sis of these plants suggested that seed accumulation of 
minerals is tightly regulated, and overexpression of a 
single gene was typically not sufficient to increase the 
accumulation of minerals in seeds (Goto et al. 1999; 
Ishimaru et al. 2007, 2010; Qu et al. 2005; Vasconcelos 
et al. 2003, 2004, 2006). It is likely that multiple genes 
at different steps of translocation or biosynthetic path-
ways will need to be simultaneously overexpressed to 
increase seed mineral concentrations (Waters and San-
karan 2011).
Seeds are primary staple food sources. In general, 
legume seeds have higher concentrations of essential 
minerals and protein than cereals (White and Broad-
ley 2009). Studies on seed mineral accumulation in le-
gumes have reported significant positive correlations 
between some of the important minerals, suggesting 
the possibility of simultaneous improvement of these 
traits by plant breeding (Raboy et al. 1984; Sankaran 
et al. 2009). Soybean [Glycine max (L.) Merr.] is one of 
the most widely grown legume crops in the world. 
Soybean has a fully sequenced genome (Schmutz et 
al. 2010) and results from soybean studies may be 
translated to other legumes due to extensive synteny 
(Bordat et al. 2011; Lucas et al. 2011; McClean et al. 
2010; Severin et al. 2011). Soybean seed has approxi-
mately 40% protein in commercial cultivars (Kim et al. 
2012). However, soybean protein has an unbalanced 
amino acid composition for monogastric diets with re-
spect to the sulfur (S)-containing amino acids cyste-
ine (Cys) and methionine (Met) (Kim et al. 2012; Pan-
thee et al. 2006a, b). Methionine is an essential amino 
acid, whereas cysteine is considered semi-essential, be-
cause farm animals and humans can convert methi-
onine to cysteine (Kim et al. 2012). The ratios of to-
tal nitrogen (N) to total S (N:S ratio), is an indicator of 
proportional methionine and cysteine concentrations 
in soybean seeds (Sexton et al. 1998).
Significant intra-species genetic variation for overall 
seed mineral composition, Cys and Met concentrations 
may exist in soybean germplasm (Zhang et al. 2010; 
Panthee et al. 2006a, b; Raboy et al. 1984 and Kleese et 
al. 1968), which could be exploited for biofortification. 
Significant variation in seed calcium (Ca) concentra-
tions, ranging from 0.21 to 0.46%, were reported in a 
diversity study of soybean consisting of 54 US and 51 
Asian food-grade cultivars and breeding lines (Zhang 
et al. 2010). Approximately 1.5- fold differences in 
seed total phosphorus (P), zinc (Zn), Ca, and magne-
sium (Mg) were reported in a mineral variability study 
among lines of G. max and G. soja (Raboy et al. 1984). 
Variations in seed P, Mg, Ca, and manganese (Mn) in 
10 different varieties of soybean were approximately 
1.2- to 1.4-fold (Kleese et al. 1968). Approximately 1.7-
fold differences in seed iron (Fe) concentration were 
observed in a diversity study consisting of 27 soybean 
genotypes (Moraghan and Helms 2005). A few studies 
have reported variation in seed Cys and Met (Panthee 
et al. 2006a, b; Sharma et al. 2011) in soybean. Varia-
tion in seed Met and Cys concentrations were reported 
for eight soybean genotypes, where varieties differed 
by 2.7-fold for Met and 1.2-fold for Cys concentrations 
(Sharma et al. 2011).
A comprehensive understanding of the genetics un-
derlying overall seed nutritional composition is lack-
ing in soybean. Studies on understanding genes and 
processes to improve seed nutritional composition by 
identifying quantitative trait loci (QTLs) were limited 
to a few minerals or nutrients in soybean (Jegadeesan 
et al. 2010; King et al. 2013; Panthee et al. 2006a; Zhang 
et al. 2009). Four QTLs for seed Ca concentration were 
detected, one of which accounted for up to 16.3% of 
variation (Zhang et al. 2009). A major QTL accounted 
for 57.3% of variation for low cadmium (Cd) in soy-
bean (Jegadeesan et al. 2010). A major QTL for seed Fe 
concentration explained 21.5% of the phenotypic varia-
tion (King et al. 2013). Panthee et al. (2006a, b) reported 
total S-containing amino acids (Cys + Met) with a pop-
ulation average of 1.26/100 g, in addition to detecting 
three QTLs, one of which explained up to 12.3% of total 
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variation. Genomic loci governing seed Cys + Met con-
centrations in soybean are largely unknown.
One of the knowledge gaps in soybean genetics is 
the lack of understanding of genes and processes that 
affect seed composition of nutritionally relevant min-
erals and/or nutrients. The goal of this study was to 
identify QTLs for accumulation of 15 minerals, Cys 
and Met in soybean seeds, in order to eventually un-
derstand the genes and processes underlying these 
traits. We are not aware of any previous studies that 
focused on identification of QTLs for most of the min-
eral traits included in this study. We used three soy-
bean recombinant inbred line (RIL) mapping popula-
tions to (1) identify QTLs associated with N:S ratio in 
soybean seeds, (2) identify QTLs that affect accumula-
tion of minerals in soybean seeds and (3) test the asso-
ciation between seed weight and seed mineral concen-
tration of soybean.
Materials and methods
Plant materials
Three RIL populations were developed using three 
soybean lines DSR-173 (Dairyland Seed Co., Inc, West 
Bend, WI, USA), NKS19-90 (Novartis Seeds, Inc., Min-
neapolis, MN, USA) and Vinton 81 (Fehr et al. 1984), 
and a common parent Williams 82 (Bernard and Cre-
meens 1988). For ease of referencing the populations, 
they will be referred to by the variety mated with Wil-
liams 82. Three F5-derived populations, Williams 82 
× DSR-173 (afterwards called DSR), Williams 82 × 
NKS19-90 (afterwards called NKS) and Williams 82 
× Vinton 81 (afterwards called Vinton) consisted of 
93, 100, and 95 individual RILs, respectively (Arah-
ana et al. 2001). The availability of a reference genome 
sequence for the Williams 82 parent (Schmutz et al. 
2010) allowed comparison of QTLs reported on Soy-
Base (Grant et al. 2010). Vinton 81 is a high-protein 
line suitable for tofu production. The soybean culti-
vars Vinton 81, NKS19- 90, and DSR-173 were previ-
ously reported to be less susceptible to Sclerotinia stem 
rot (Arahana et al. 2001). The RIL populations were 
grown in October 2010 at the East Campus Nurseries 
of the University of Nebraska–Lincoln Agronomy Re-
search Farm. For each population, all RILs and their 
parents were grown in a single replicate in a com-
pletely randomized design with 30 seeds planted per 
plot. Plots were 0.91 m long followed by a blank alley 
of 0.61 m with a row spacing of 0.76 m. The cropping 
system is a corn– soybean rotation, with soybean re-
search plots following a uniform crop of corn. Fertil-
izers are applied to the uniform bulk crop part of the 
rotation as needed based on soil test results. No fer-
tilizer application was made to the soybean research 
plots for this study. Seeds were harvested from each 
plot in bulk.
Mineral analysis and seed weight
A sample of approximately 50 seeds representing each 
line were ground in a Knifetec 1095 Sample Mill (FOSS 
Tecator, S-26321, Hogana, Sweden) for 20 s to obtain 
flour with uniform particle size prior to wet-ashing di-
gestion. This digestion approach was slightly modi-
fied from a previously described method (Waters et 
al. 2009). Ground soybean seed samples of 0.75 g were 
weighed into glass tubes and digested in 6 ml nitric 
acid (trace metal grade, Fisher Scientific, Pittsburgh, 
PA, USA) overnight, then at 100°C for 1 h. Three ml of 
30% hydrogen peroxide was added and samples were 
digested at 125°C for 1.5 h. The temperature was then 
increased to 150°C until the samples were evaporated 
to dryness. Residues were dissolved in 10 ml of 1% ni-
tric acid prepared with water filtered through a Mil-
liQ system (Millipore, Billerica, MA, USA) to 18 MX re-
sistivity. A minimum of two and a maximum of three 
technical replicates were evaluated for each line. Con-
centrations of Mg, P, S, Ca, Mn, potassium (K), Fe, co-
balt (Co), nickel (Ni), copper (Cu), Zn, selenium (Se), 
molybdenum (Mo), Cd, and arsenic (As) were deter-
mined by inductively coupled plasma–mass spec-
trometry (ICPMS). A single measurement of weight 
of 100 seeds was recorded for parents and RILs for all 
populations.
Total nitrogen, cysteine and methionine concentrations
Samples of ground soybean seeds were sent to Uni-
versity of Missouri Agricultural Experiment Station, 
Columbia, Missouri, USA for analysis of seed Cys and 
Met concentrations (AOAC Official Method 982.30 
E(b), 2006) and crude protein concentrations (AOAC 
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Official Method 990.03, 2006). Total nitrogen was de-
termined using combustion analysis (LECO). Cys and 
Met concentrations were determined using performic 
acid oxidation/acid hydrolysis.
DNA isolation
Leaf tissue was collected from all RIL and parental 
lines approximately 45 days after planting. One leaf-
let from each plant in a row was collected and bulked 
to retain genetic variability information within a line. 
Leaf tissue was kept on ice, then frozen at –80°C, then 
lyophilized. DNA was isolated using the DNeasy Plant 
Mini Kit (Qiagen, Hilden, Germany). The DNA quan-
tity and purity were assessed using spectrophotome-
try. Stock DNA samples were diluted to 100 ng/µl and 
stored at –80°C until genotyping.
Genotyping and linkage analysis
RILs from individual populations and parental lines 
were genotyped with single nucleotide polymorphism 
(SNP) markers, using the GoldenGate assay for a Uni-
versal Soy Linkage Panel (USLP 1.0) consisting of 1,536 
SNP markers that are well distributed throughout the 
20 chromosomes (Hyten et al. 2010). The 1,536 SNP as-
says were run by Dr. Perry Cregan’s USDA lab in Belts-
ville, MD, USA. The soybean Consensus 4.0 map was 
used for positioning SNP markers.
Joint linkage map
Individual genetic maps of the DSR population, the 
NKS population and the Vinton population, consisting 
of 350, 391, and 400 polymorphic markers, respectively, 
were used to construct a joint linkage map consisting of 
766 polymorphic markers using Merge- Map software 
(Wu et al. 2011). The order of markers was largely con-
sistent with the individual population genetic maps.
Data analysis and QTL mapping
Mean mineral concentrations of two or three (a third 
replicate was performed if the first two were greater 
than 20% different) technical replicates were used as 
quantitative values for QTL mapping in individual 
populations. Means of Cys and Met concentrations 
from two technical replicates were used for QTL map-
ping. Means for all the traits were calculated using the 
MEANS procedure in SAS software (Version 9.2; SAS 
Institute). Phenotypic correlations between traits were 
determined using the CORR procedure in SAS. Joint 
QTL mapping was performed by including phenotypic 
means and corresponding genotypes for all 288 RILs 
for each trait. All the data-checking steps for genotyp-
ing were performed using R/qtl, and checked data was 
exported to QTL Cartographer (http:// statgen.ncsu.
edu/qtlcart/cartographer.html) for composite inter-
val mapping. The standard model Zmapqtl function 
with a sliding window of 5 cM and a walk speed of 
2 cM was used to identify putative QTLs. Empirical 
threshold LOD scores for all the traits were calculated 
using 1,000 permutations at the 5% probability level, 
and only QTLs that passed the empirical threshold are 
reported.
Candidate gene search
By anchoring the SNP markers around the QTL con-
fidence interval with known positions on the physical 
map available from phytozome (http:// www.phyto-
zome.net/soybean.php) through SoyBase (http://soy-
base.org/gbrowse/cgi-bin/gbrowse/gmax1. 01/), pu-
tative candidate genes (genes with known or predicted 
functions that could influence accumulation of a par-
ticular nutrient) for various nutrients were identified.
Results
S, N, and N:S ratio
Despite marginal differences in S concentration between 
the parents (3.5–3.6 mg/g), the range for this trait was 
high in RILs (up to 6 standard deviations in the NKS 
and Vinton populations). The distribution of trait values 
resembled a normal distribution pattern (Supplemental 
Resource 1). Transgressive segregation was observed for 
S in all populations (table 1). Significant positive corre-
lations were observed for S and all macronutrients, ex-
cept N which had no significant association (table 2 and 
Supplemental Resource 2). Significant positive associa-
tions were also observed between S and Cys and Met 
concentrations in two populations (table 2). Ranges for 
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N in all populations were high (approximately 6 stan-
dard deviations in Vinton population), although paren-
tal differences were minimal (64.1–68.8 mg/g) (table 1). 
Population means for N were shifted upwards in DSR 
and Vinton populations and the distribution of N re-
sembled a normal distribution with transgressive segre-
gation (table 1). However, N alone did not have consis-
tently significant associations with any other nutrients 
except methionine, with which it had a consistent sig-
nificant positive association (table 2).
Although the difference between parental means for 
N:S ratio was minimal, the range in the populations 
was considerably higher (table 1). Population means 
for N:S ratio fell within the range of the parents in all 
populations, and the distribution of N:S ratio resem-
bled a normal distribution (Supplemental Resource 1 
and table 1) with transgressive segregation. N:S ratio 
had significant negative associations with all macronu-
trients (r > –0.23 up to –0.90, table 2) except N. N:S ra-
tio also displayed significant negative associations with 
several micronutrients and Cys + Met (table 2). This 
inverse relationship between N:S ratio and most other 
minerals was further explored to understand whether 
the increased N:S ratio was due to high N or low S con-
centration (Supplemental Resource 2). Lower total S 
concentration but not protein S (Cys + Met) concentra-
tion was contributing to increased N:S ratio.
Cys and Met phenotypes
Population means for Cys concentration fell within the 
range of the parents (0.56–0.63/100 g) in all popula-
tions (table 1). Population means for Met concentra-
tion fell within the range of parental means in DSR and 
NKS populations (table 1). Population means for Cys 
+ Met concentrations fell outside the range of parents 
in the DSR population (table 1). The range for Cys + 
Met was high in the Vinton population (approximately 
6 standard deviations) (Supplemental Resource 1 and 
table 1). The upper end of the ranges for Cys + Met (on 
a seed dry weight basis) in the Vinton population was 
1.30 g/100 g, which was close to the FAO standard for 
combination of Cys and Met (1.40 g/100 g). The phe-
notypic distribution of Cys, Met, and Cys + Met resem-
bled a normal distribution with transgressive segre-
gation (Supplemental Resource 1). Cys, Met, and Cys 
+ Met had significant positive association with seed S 
concentration in two populations (table 2).
Other minerals
Seed mineral concentrations of all populations dis-
played wide ranges with considerable transgressive 
segregation (Supplemental Resource 1). The relative 
ranges were lowest for Mg and highest for Mo (table 1). 
Population means for Mo were shifted upwards com-
pared to parents in all populations (table 1). A similar 
shift in population mean was observed for Mn and Fe 
in the NKS population (table 1). Population means for 
most of the traits in all but the Vinton population fell 
within the range of parents (table 1). Population means 
for the Vinton population for all minerals except Ni, 
Cu, and Zn shifted upwards compared to parents (ta-
ble 1). Phenotypic distributions for most of the miner-
als resembled a normal distribution across all popula-
tions (Supplemental Resource 1 and table 1). Most of 
the macronutrients except N had significant positive 
associations with each other (table 2). Micronutrients 
Mn, Fe, Co, Cu, and Zn had significant positive associ-
ations with each other in at least two populations (table 
2). Seed concentrations of pollutant metals Cd and As 
displayed a wide range with a few transgressive seg-
regants across all populations (table 1 and Supplemen-
tal Resource 1). Both Cd and As displayed significant 
positive associations with all macronutrients in at least 
one population (table 2 and Supplemental Resource 3).
Seed weight
Seed weight displayed a wide range in all populations 
with considerable transgressive segregation (table 1). 
Population means fell within the range of parents in 
all but the Vinton population (table 1), where the pop-
ulation mean shifted upwards compared to the par-
ents. Phenotypic distribution of seed weight resembled 
a normal distribution (Supplemental Resource 1). Seed 
weight had significant negative association with Ni in 
two populations and significant positive associations 
with Mg, Mo, Cd, and N in at least one population 
(Supplemental Resource 4).
Genotyping
The distribution of the parental genotypes based on 
the 1,536 SNP panel in each RIL population was equal 
in the NKS population and nearly equal, with 1.3 and 
1.2% deviations, in the DSR and Vinton populations, 
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Table 3. Significant QTLs for various seed nutritional traits in soybean using analysis of individual mapping populations
Trait Chr.              Williams 82 × DSR-173                           Williams 82 × NKS19-90                      Williams 82 × Vinton 81
  Peaka LOD % expl.b Add.c Peaka LOD % expl.b Add.c Peaka LOD % expl.b Add.c
Mg 3         43.9 3.28 17 –0.08
 3         52 3.35 14 –0.07
S 16         59.5 2.94 12 –0.11
 18     66.3 3.81 14 0.07
K 4     7 3.46 13 –0.4
 15     28.9 3.03 12 0.4
 16     29.4 3.85 14 –0.43
 18 21.3 2.87 11 0.63
Ca 6 89 3.47 14 –0.14
Mn 2     75.3 3.84 13 –1
 13         21.3 3.23 13 1.3
Fe 3*         53.9 3.36 13 –3.25
 20         12 3.79 22 4.17
Co 3 47.4 3.7 13 0.008
 15         56.9 5.16 23 –0.011
 15         65.3 4.1 16 –0.01
Ni 1     2.9 3.54 12 –0.33
 10 74.3 3.48 12 –0.39
Cu 8         63 5.56 19 0.46
 14         48.7 3.1 10 –0.34
 18         61.2 4.18 14 0.52
Zn 3         47.5 4.35 16 –1.1
 3         57.7 4 14 –1.1
 9 16.7 3.12 13 –1.35
Se 8 41.3 2.37 9 0.028
 18 23.4 2.86 12 –0.03
Mo 3     33.5 3.21 10 1.72
 4         35.1 3.51 14 –1.88
 5         28.9 3.34 13 1.93
Cd 1 0 4.55 16 7.15
N 14*     61.1 3.48 13 0.8
 15* 42.9 3.65 17 –0.89
Cys 2 35.8 5.42 21 0.01
 2 44.1 7.92 28 0.012
 2 51.7 7.33 38 0.014
Cys + Met 2 44.1 4.39 17 0.016
N:S ratio 16     29.4 3.05 10 0.43
 20         6 3.06 28 –0.77
 3         52 3.35 14 –0.07
Seed weight 10 58.7 5.07 17 0.62
 17 68.7 3.17 12 0.53
Chr. = chromosome
a. The peak position of the significant QTL.
b. Percentage of variation explained by each identified QTL.
c. Additive effect. A negative value indicates that the Williams 82 allele increased the trait value.
* These QTLs support the QTLs from previous studies.
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respectively, after removing the heterozygotes and 
missed calls from the analysis. The polymorphism rates 
for the NKS, DSR, and Vinton populations were 25.5, 
22.8, and 26% respectively. The genetic map length 
for the three populations was 1,529.2 cM for the DSR 
population, 1,736.2 cM for the NKS population, and 
1,799.6 cM for the Vinton population. Average spacing 
between the markers was 4.6 cM in the DSR population 
and 4.7 cM in both the NKS and Vinton populations 
(Supplemental Resource 5, 6, and 7 respectively). The 
joint linkage map, consisting of 766 polymorphic mark-
ers, was 1,968.4 cM in length, with an average spacing 
of 2.6 cM (Supplemental Resource 8).
QTL mapping
Forty QTLs were detected for 18 traits that include min-
eral concentrations, N, N:S ratio, Cys, Met, Cys + Met 
concentrations and seed weight (table 3). In 18 QTLs, 
the Williams 82 allele contributed to improved seed nu-
tritional composition (i.e., higher concentration) and in 
the remaining 22 QTLs, other parental alleles (DSR-173, 
NKS19-90, or Vinton 81) contributed to higher mineral/
nutrient concentrations (table 3). The amount of total 
phenotypic variation explained by any individual QTL 
for any trait ranged from 9 to 38% (table 3). In QTL map-
ping using the joint linkage map, nine QTLs were iden-
tified for Ni, Cd, Cys, Met, Cys + Met, and seed weight 
(table 4). Two QTLs each for Ni, Cys, Cys + Met, and 
a single QTL each for Cd, Met, and seed weight were 
detected. On chromosome 20, the Williams 82 allele 
contributed to increased Ni, Cys, and Cys + Met con-
centrations. On chromosome 15, the Williams 82 allele 
contributed to increased Met concentration. Other pa-
rental alleles contributed to increased concentrations of 
Ni, Cd, Cys, Cys + Met, and seed weight on chromo-
somes 7, 18, 20, 20, and 10, respectively (table 4).
QTLs for S, N, and N:S ratio
Two significant QTLs were associated with S with LOD 
scores of 2.94 in the Vinton population and 3.81 in the 
NKS population, explaining 12 and 14% of the phe-
notypic variance, respectively (table 3). Two signifi-
cant QTLs were associated with N concentration with 
LOD scores of 3.48 in the NKS population and 3.65 
in the DSR population, explaining 13 and 17% of the 
variance, respectively (table 3). Two significant QTLs 
affecting N:S ratio were detected with LOD scores of 
3.0 each in the NKS and Vinton populations, explain-
ing 10 and 28% of the variance, respectively (table 3). 
None of the QTLs that were reported for S alone or N 
alone in an individual population had any significant 
effect on N:S ratio (table 3).
QTLs for Cys and Met
Three significant QTLs were associated with Cys in the 
DSR population with LOD scores ranging between 5.42 
and 7.33, explaining 21–38% of the phenotypic vari-
ance (table 3). One of the three QTLs reported for Cys 
(flanked by markers BARC-063497-18380 and BARC-
025955-05182) had a significant effect on Cys + Met 
with a LOD score of 4.39, explaining 17% of the vari-
ance (table 3). We also detected two significant and 
common QTLs affecting Cys and Cys + Met concentra-
tions on chromosome 20 using joint linkage mapping 
with LOD scores of 3.66 and 5.35, respectively, explain-
ing 9 and 16% of the total phenotypic variance (table 4).
QTLs detected for other minerals
Twenty-eight significant QTLs were detected for other 
minerals (table 3). Phenotypic variance explained 
ranged from 9% (for Se in DSR population) to 23% (for 
Co in Vinton population) (table 3). A single QTL was 
mapped for both Ca and Cd, while two QTLs were 
mapped for Fe, Mg, Mn, Ni, and Se. Three QTLs were 
mapped for Co, Cu, Zn, and Mo, while there were four 
QTLs for K (table 3). Some of the QTLs for different 
traits were located on the same linkage group in ap-
proximately the same location. For example, QTLs for 
K and Se in the DSR population were located on chro-
mosome 18 at ~22 cM. Similarly, QTLs for K and N:S 
ratio in the NKS population were located on chromo-
some 16 at 29.4 cM, and QTLs for Zn, Mg, and Fe in 
the Vinton population were located on chromosome 3 
at ~53 cM (table 3).
QTLs for seed weight
Two significant QTLs were associated with seed weight 
in the DSR population with LOD scores of 3.17 and 5.07, 
explaining 12 and 17% of the variances on chromosomes 
17 and 10, respectively (table 3). Higher seed weight was 
conferred by the DSR-173 allele at both loci.
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Discussion
QTLs in each mapping population
Several QTLs were identified for seed mineral concen-
trations, Cys, Met, N:S ratio, and seed weight in soy-
bean (tables 3, 4). Most minerals had multiple QTLs 
that explained a small proportion of the total pheno-
typic variance. Several QTLs for some of the minerals 
co-localized with each other (Supplemental Resource 
9). Most striking was the co-localization of Co, Mo, 
Mg, Fe, and Zn on chromosome 3. Similar co-localiza-
tions were observed for S, K, Se, and Cu on chromo-
some 18 and Ni and Cd on chromosome 1. Co-localiza-
tion of QTLs might highlight genes involved in uptake, 
transport, trafficking, and sequestration, which may 
function for multiple minerals (Clemens 2001; Vreug-
denhil et al. 2004). Two QTLs out of 40 identified in this 
study using individual analysis of each mapping popu-
lation co-located with previously detected QTLs, both 
for N on chromosomes 14 and 15, respectively (Pan-
thee et al. 2004b).
Seed weight QTL in previous studies (Csanádi et 
al. 2001; Hyten et al. 2004; Maughan et al. 1996; Mian 
et al. 1996; Orf et al. 1999; Panthee et al. 2005; Specht 
et al. 2001) co-located with several mineral QTLs in 
this study, suggesting the possibility that seed mass 
could influence seed mineral concentration (Cakmak et 
al. 2000 and Imtiaz et al. 2003). However, none of our 
Table 4. Significant QTLs for various seed nutritional traits by joint linkage mapping of three RIL populations in soybean
Traits Chr. Peaka LOD % expl.b Add.c Flanking Flanking Consensus Consensus Supporting 
      marker start  marker end  map startd  map endd  QTLs
 
Ni 7 34 3.27 5 0.29 BARC-042815-08424 BARC-048517-10647 41.372 47.379
 20 59.6 3.7 10 –0.41 BARC-038869-07364 BARC-039753-07565 55.301 63.997
Cd 18 53.8 3.21 5 23.08 BARC-059485-15839 BARC-055557-13432 48.948 54.445
Cys 20 56.8 5.35 16 –0.013 BARC-038869-07364 BARC-039753-07565 55.301 63.997
 20 80.1 3.66 9 0.009 BARC-013583-01166 BARC-042897-08454 69.303 85.708 Yes
Met 15 55 3.23 6 –0.007 BARC-018461-02916 BARC-066103-17539 61.363 66.033
Cys + Met 20 56.8 5.35 16 –0.013 BARC-038869-07364 BARC-039753-07565 55.301 63.997
 20 80.1 3.66 9 0.009 BARC-013583-01166 BARC-042897-08454 69.303 85.708 Yes
Seed weight 10 42.6 4.16 14 0.58 BARC-051153-11022 BARC-064941-19017 46.3 53.1
Chr. = chromosome
a .The peak position of the significant QTL.
b. Percentage of variation explained by each identified QTL.
c. Additive effect. A negative value indicates that the Williams 82 allele increased the trait value.
d. The flanking marker positions based on the consensus map from SoyBase (Grant et al. 2010) are represented.
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QTLs for seed weight co-located with any of our min-
eral QTLs, suggesting that in these populations there 
was no dilution effect on seed mineral concentrations 
as seed mass increased.
QTLs using the joint linkage map
The advantages of combined QTL analysis of multiple 
mapping populations are that effects of a wide range 
of alleles can be compared, and the larger population 
size gives improved power and more precise estimates 
of position and effects of QTLs (Coles et al. 2010; Neg-
eri et al. 2011). Nine QTLs that were not identified in in-
dividual populations were detected using joint linkage 
mapping (table 4). The additional QTLs in joint linkage 
mapping could be due to three factors. Firstly, allelic ef-
fects at any particular locus vary in each mapping pop-
ulation, and thus cumulative allelic effects may have 
resulted in identification of new QTLs. Secondly, most 
of the QTLs that were detected in individual mapping 
populations explained a small proportion of phenotypic 
variance with small additive effects, insufficient to skew 
the cumulative effects (in joint linkage mapping) to pass 
the threshold LOD score. Finally, lack of markers that 
distinguish the parents at the genomic region of interest 
in one or two mapping populations will affect the QTL 
mapping results in joint linkage mapping analysis. Of 
the nine QTLs identified using joint linkage mapping, 
one QTL on chromosome 20 that affected both Cys and 
Cys + Met (table 4) co-located with a previously iden-
tified QTL for the basic glycinin subunit (Panthee et al. 
2004a). Glycinin is an S-rich fraction of the seed storage 
protein in soybean (Kitamura 1995). It is logical that the 
genomic regions that affect glycinin will affect seed Cys 
+ Met concentrations. Two QTLs that affected Cys also 
affected Cys + Met concentration, possibly because Cys 
is an intermediate product in Met biosynthesis (Pan-
thee et al. 2006a).
Putative candidate genes in the vicinity of QTL 
intervals
Based on physical location of SNP markers in the Wil-
liams 82 genome and existing knowledge of the min-
eral-related genes/proteins, we identified candidate 
genes that could potentially alter seed concentrations 
of nutrients (table 5). Allelic variation in nutrient me-
tabolism genes may affect the rate of biosynthesis or 
final product concentration, ultimately resulting in 
differential seed nutrient concentrations. An allanto-
ate amidohydrolase gene (AAH) was detected in the N 
QTL interval on chromosome 15. AAHs are localized 
in the endoplasmic reticulum, and they hydrolyze the 
ureide allantoate to produce ureidoglycolate, CO2 and 
two molecules of ammonium (Werner et al. 2008). Al-
lantoate degradation is required for recycling of pu-
rine-ring N in all plants. In some tropical legumes such 
as soybean, fixed N is transported through allantoin 
and then through allantoate in shoots, where it serves 
as a general N source (Werner et al. 2008). On chromo-
some 20, homocysteine S-methyltransferase (HMT3) 
was present in the QTL interval for Cys + Met. HMT3, 
otherwise called methionine synthase, is located in the 
cytoplasm and plasma membrane. This protein is in-
volved in the catalysis of the final step of methionine 
biosynthesis (Ranocha et al. 2001).
Polymorphisms in genes involved in the short- or 
long-distance transport of nutrients may alter final 
seed nutrient concentrations by affecting flux into seed 
loading pathways. An S transporter gene, SULTR3;3, 
was detected in the QTL interval for N:S ratio on chro-
mosome 20. Group 3 sulfate transporters are predicted 
to be located on the plasma membrane (Kataoka et al. 
2004; Zuber et al. 2010), and could be involved in sul-
fate translocation between seed compartments (Zu-
ber et al. 2010). Selenate uptake in plants is mediated 
by sulfate transporters because of chemical similari-
ties between S and Se (Anderson 1993). For Se, a QTL 
on chromosome 8 that includes the sulfate transporter 
Sultr2;1 was detected (table 5). Group 2 low-affinity 
sulfate transporters are expressed in vascular tissues 
and were reported to be involved in translocation of 
sulfate from roots to leaves (Takahashi et al. 2000).
A predicted Mo transporter, MOT1, was detected in 
the QTL confidence intervals on chromosome 4. MOT1 
is required for efficient uptake and translocation of mo-
lybdate in Arabidopsis (Tomatsu et al. 2007), and is ex-
pressed in both roots and shoots in plasma membranes 
and vesicles. A candidate gene for Fe on chromosome 
20 is a Yellow-stripe-like (YSL) gene, YSL7. YSL fam-
ily members are involved in root to shoot transport of 
Fe bound to nicotianamine (Curie et al. 2009). Brassica 
juncea YSL7-overexpressing plants had higher Fe con-
centrations in the seeds (Wang et al. 2013). AtYSL2 in 
Arabidopsis was proposed to be involved in the lateral 
movement of metals in plant vasculature (DiDonato et 
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al. 2004). The ysl1ysl3 double mutant of Arabidopsis had 
lower concentrations of Fe, Zn, and Cu in seeds com-
pared to the wild type (Waters et al. 2006; Waters and 
Grusak 2008).
Diversity in seed accumulation of various nutrients
Genetic diversity in mapping populations is essential 
for understanding the underpinnings of seed nutrient 
accumulation using the QTL mapping approach. Since 
genotype is an important contributor to phenotype, ge-
netic differences could result in phenotypic differences 
in seed nutrient concentrations. A significant pheno-
typic diversity for various minerals has been reported 
in wheat, rice, brassica, and common bean (Beebe et 
al. 2000; Chatzav et al. 2010; Ding et al. 2010; Grego-
rio et al. 2000; Peleg et al. 2009). Segregation and trans-
gressive segregation in RIL populations for most of the 
traits (table 1, Supplemental Resource 1) indicate that 
they are quantitatively inherited. The upper end of the 
ranges for Cys + Met concentrations in our study sug-
gests that genetic improvement in Cys + Met is possi-
ble through selection and/or breeding in soybean, in 
order to achieve a soybean protein composition that 
more closely conforms to the FAO standard for com-
bination of Cys + Met (1.4 g/100 g).
Correlations between traits
Our results suggest that indirect selection for vari-
ous nutritional traits is possible in soybean. Trait cor-
relation in segregating populations could result from 
factors such as linkage, pleiotropy, and environment 
(Aastveit and Aastveit 1993; Paterson et al. 1988). Sig-
nificant positive or negative correlations for various 
seed nutrients were found in this study, similar to pre-
vious studies (Beebe et al. 2000; Peleg et al. 2009; San-
karan et al. 2009; Vreugdenhil et al. 2004; Waters and 
Grusak 2008), suggesting the possibility that improve-
ment in the concentration of one nutrient might im-
prove others (Ozkan et al. 2007; Sankaran et al. 2009). 
Seed Met concentration had a significant positive as-
sociation with total N in two populations. However, 
seed Cys was not correlated with total N, supporting 
a previous study (Panthee et al. 2006a). A striking neg-
ative association of N:S ratio with most of the macro- 
and micronutrients across populations suggests that 
N:S ratio is an indicator of concentrations of several 
minerals in soybean seeds. N:S ratio was driven by S 
concentration, and S concentration had no significant 
association with N concentration, suggesting the possi-
bility of selecting for soybean with high S (low N:S ra-
tio) and high N concentrations. Moderate positive as-
sociation between S and Cys + Met in two populations 
suggests that total S might not be a strong indicator of 
protein S (table 2).
In conclusion, there are several results from this 
study that may be important for soybean breeding. 
First is the detection of a strong inverse relationship 
of N:S ratio with most of the mineral traits, suggesting 
that the N:S trait could be used as an indirect selection 
index in breeding for increased mineral concentrations 
in soybean. This could reduce the cost of screening by 
reducing phenotyping of mineral traits other than N 
Table 5. Candidate genes detected within QTL intervals across different populations categorized by their biological role
Population Chr. Trait Soy gene ID Arabidopsis gene ID Gene homolog Gene name
Transporters
    Vinton 4 Mo Glyma04g07690.1 AT2G25680.1 MOT1 Molybdate transporter 1
    DSR 8 Se Glyma08g14700.1 AT5G10180.1 AST68/SULTR2;1 Sulfate transporter 2;1
    Vinton 20 Fe Glyma20g00690.1 AT1G65730.1 YSL7 Yellow stripe like 7
    Vinton 20 N:S ratio Glyma20g02080.2 AT1G23090.1 AST91/SULTR3;3 Sulfate transporter 91
 
Metabolism
    DSR 15 N Glyma15g16870.1 AT4G20070.1 AAH/ATAAH Allantoate amidohydrolase
    Joint analysis 20 Cys + Met Glyma20g28720.1 AT3G22740.1 HMT3 Homocysteine S-methyltransferase 3
Chr. = chromosome
The proposed biological role is given in italics
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and S. Second is the identification of a new major QTL 
for Cys (and Cys + Met) on chromosome 2 in the DSR 
population and a second QTL for Cys (and Cys + Met) 
on chromosome 20 identified from the joint linkage 
analysis, suggesting alleles for improved protein com-
position in soybean. Third, association between seed 
weight and seed mineral concentrations exhibited no 
consistent significant correlations in most cases, sug-
gesting that increased seed mineral concentrations are 
not secondary effects of seed size. A number of QTLs 
that affect soybean nutritional composition were iden-
tified in this study, suggesting that existing breeding 
populations that were designed and grown for other 
traits (such as yield, drought tolerance and disease re-
sistance) could also be exploited for QTL mapping of 
seed nutritional composition in soybean.
Acknowledgments – This research was supported in part by 
grants from the Nebraska Soybean Board to B.M.W. and G.G. 
The authors thank Anthony Delaney, Alec Hogan, and Grace 
Troupe for technical assistance, and Drs. Aaron Lorenz and Jim 
Specht for assistance with linkage mapping software.
References
Aastveit AH, Aastveit K (1993) Effects of genotype-environ-
ment interactions on genetic correlations. Theor Appl Genet 
86:1007–1013.
Anderson J (1993) Selenium interactions in sulfur metabolism. 
In: De Kok IS et al (ed) Sulfur nutrition and assimilation in 
higher plants: regulatory agricultural and environmental as-
pects. SPB Academic, pp 49–60.
Arahana VS, Graef GL, Specht JE, Steadman JR, Eskridge KM 
(2001) Identification of QTLs for resistance to Sclerotinia 
sclerotiorum in soybean. Crop Sci 41:180–188.
Beebe S, Gonzalez AV, Rengifo J (2000) Research on trace miner-
als in the common bean. Food Nutr Bull 21:387–391 Bernard 
RL, Cremeens CR (1988) Registration of ‘‘Williams 82’’ Soy-
bean. Crop Sci 28:1027.
Bordat A, Savois V, Nicolas M, Salse J, Chauveau A, Bourgeois 
M, Potier J, Houtin H, Rond C, Murat F, Marget P, Aubert G, 
Burstin J (2011) Translational genomics in legumes allowed 
placing in silico 5460 unigenes on the pea functional map 
and identified candidate genes in Pisum sativum L. Genes Ge-
nomes Genetics 1:93–103.
Cakmak I (2008) Enrichment of cereal grains with zinc: agro-
nomic or genetic biofortification? Plant Soil 302:1–17.
Cakmak I, Ozkan H, Braun HJ, Welch RM, Romheld V (2000) 
Zinc and iron concentrations in seeds of wild, primitive and 
modern wheats. Food Nutr Bull 21:401–403.
Chatzav M, Peleg Z, Ozturk L, Yazici A, Fahima T, Cakmak 
I, Saranga Y (2010) Genetic diversity for grain nutrients in 
wild emmer wheat: potential for wheat improvement. Ann 
Bot 105:1211–1220.
Clemens S (2001) Molecular mechanisms of plant metal toler-
ance and homeostasis. Planta 212:475–486.
Coles ND, McMullen MD, Balint-Kurti PJ, Pratt RC, Holland JB 
(2010) Genetic control of photoperiod sensitivity in maize 
revealed by joint multiple population analysis. Genetics 
184:799–812.
Csanádi G, Vollmann J, Stift G, Lelley T (2001) Seed quality 
QTLs identified in a molecular map of early maturing soy-
bean. Theor Appl Genet 103:912–919.
Curie C, Cassin G, Couch D, Divol F, Higuchi K, Marie Le Jean, 
Misson J, Schikora A, Czernic P, Mari S (2009) Metal move-
ment within the plant: contribution of nicotianamine and yel-
low stripe 1-like transporters. Ann Bot 103:1–11.
DiDonato RJ, Roberts LA, Sanderson T, Eisley RB, Walker EL 
(2004) Arabidopsis Yellow Stripe-Like2 (YSL2): a metal-reg-
ulated gene encoding a plasma membrane transporter of ni-
cotianamine-metal complexes. Plant J 39:403–414.
Ding G, Yang M, Hu Y, Liao Y, Shi L, Xu F, Meng J (2010) Quan-
titative trait loci affecting seed mineral concentrations in 
Brassica napus grown with contrasting phosphorus supplies. 
Ann Bot 105:1221–1234.
Fehr W, Bahrenfus J, Walker A (1984) Registration of “Vinton 
81” soybean. Crop Sci 24:384. 
Goto F, Yoshihara T, Shigemoto N, Toki S, Takaiwa F (1999) Iron 
fortification of rice seed by the soybean ferritin gene. Nat Bio-
technol 17:282–286.
Grant D, Nelson RT, Cannon SB, Shoemaker RC (2010) Soy- 
Base, the USDA-ARS soybean genetics and genomics data-
base. Nucleic Acids Res 38:D843–D846. Gregorio GB, Senad-
hira D, Htut H, Graham RD (2000) Breeding for trace mineral 
density in rice. Food Nutr Bull 21:382–386.
Grusak MA, DellaPenna D (1999) Improving the nutrient com-
position of plants to enhance human nutrition and health. 
Annu Rev Plant Physiol Plant Mol Biol 50:133–161. Hyten DL, 
Pantalone VR, Sams CE, Saxton AM, Landau-Ellis D, Stefa-
niak TR, Schmidt ME (2004) Seed quality QTL in a promi-
nent soybean population. Theor Appl Genet 109:552–561.
Hyten DL, Choi I, Song Q, Specht JE, Carter TE, Shoemaker RC, 
Hwang E, Matukumalli LK, Cregan PB (2010) A high den-
sity integrated genetic linkage map of soybean and the de-
velopment of a 1536 universal soy linkage panel for quan-
titative trait locus mapping. Crop Sci 50:960. doi:10. 2135/
cropsci2009.06.0360
Ishimaru Y, Masuda H, Suzuki M, Bashir K, Takahashi M, Na-
kanishi H, Mori S, Nishizawa NK (2007) Overexpression of 
the OsZIP4 zinc transporter confers disarrangement of zinc 
distribution in rice plants. J Exp Bot 58:2909–2915.
Ishimaru Y, Masuda H, Bashir K, Inoue H, Tsukamoto T, 
Takahashi M, Nakanishi H, Aoki N, Hirose T, Ohsugi R, 
444 Ra m a m u R t h y,  Je d l i c k a,  GR a e f,  a n d Wa t e R s,  Mo l e c u l a r Br e e d i n g  34:2 (2014) 
Nishizawa NK (2010) Rice metal-nicotianamine transporter, 
OsYSL2, is required for the long-distance transport of iron 
and manganese. Plant J 62:379–390.
Jegadeesan S, Yu K, Poysa V, Gawalko E, Morrison MJ, Shi C, 
Cober E (2010) Mapping and validation of simple sequence 
repeat markers linked to a major gene controlling seed cad-
mium accumulation in soybean [Glycine max (L.) Merr]. 
Theor Appl Genet 121:283–294.
Kataoka T, Hayashi N, Yamaya T, Takahashi H (2004) Root-
to-shoot transport of sulfate in Arabidopsis. Evidence for 
the role of SULTR3;5 as a component of low-affinity sul-
fate transport system in the root vasculature. Plant Physiol 
136:4198–4204. doi:10.1104/pp.104.045625
Kim W, Chronis D, Juergens M, Schroeder AC, Hyun SW, Jez 
JM, Krishnan HB (2012) Transgenic soybean plants overex-
pressing O-acetylserine sulfhydrylase accumulate enhanced 
levels of cysteine and Bowman-Birk protease inhibitor in 
seeds. Planta 235:13–23.
King KE, Ga Peiffer, Reddy M, Lauter N, Lin SF, Cianzio S, 
Shoemaker RC (2013) Mapping of iron and zinc quantita-
tive trait loci in soybean for association to iron deficiency 
chlorosis resistance. J Plant Nutr 36:2132–2153. doi:10. 
1080/01904167.2013.766804
Kitamura K (1995) Genetic improvement of nutritional and food 
processing quality in soybean. Jpn Agric Res Q 29:1–8.
Kleese RA, Rasmusson DC, Smith LH (1968) Genetic and envi-
ronmental variation in mineral element accumulation in bar-
ley, wheat, and soybeans. Crop Sci 8:591.
Krishnan HB, Jang S, Kim W, Kerley MS, Oliver MJ, Trick HN 
(2011) Biofortification of soybean meal: immunological prop-
erties of the 27 kDa c-zein. J Agric Food Chem 59:1223–1228.
Lucas MR, Diop NN, Wanamaker S, Ehlers JD, Roberts PA, 
Close TJ (2011) Cowpea-soybean synteny clarified through 
an improved genetic map. Plant Genome 4:218–225.
Maughan PJ, Maroof MAS, Buss GR (1996) Molecular-marker 
analysis of seed-weight: genomic locations, gene action, and 
evidence for orthologous evolution among three legume spe-
cies. Theor Appl Genet 93:574–579.
McClean PE, Mamidi S, McConnell M, Chikara S, Lee R (2010) 
Synteny mapping between common bean and soybean re-
veals extensive blocks of shared loci. BMC Genom 11:184. 
Imtiaz M, Alloway BJ, Shah KH, Siddiqui SH, Memon MY 
Aslam M, P K (2003) Zinc nutrition of wheat: I: growth and 
zinc uptake. Asian J Plant Sci 2:152–155.
Mian MAR, Bailey MA, Tamulonis JP, Shipe ER, Carter TE, Par-
rott WA, Ashley DA, Hussey RS, Boerma HR (1996) Molec-
ular markers associated with seed weight in two soybean 
populations. Theor Appl Genet 93:1011–1016.
Moraghan JT, Helms TC (2005) Seed iron in diverse soybean 
genotypes. J Plant Nutr 28:1453–1463.
Negeri AT, Coles ND, Holland JB, Balint-Kurti PJ (2011) Map-
ping QTL controlling southern leaf blight resistance by joint 
analysis of three related recombinant inbred line popula-
tions. Crop Sci 51:1571.
Orf JH, Chase K, Jarvik T, Mansur LM, Cregan PB, Adler FR, 
Lark KG (1999) Genetics of soybean agronomic traits: com-
parison of three related recombinant inbred populations. 
Crop Sci 39:1642–1651.
Ozkan H, Brandolini A, Torun A, Altintas S, Eker S, Kilian B, 
Braun HJ, Salamini F, Cakmak I (2007) Natural variation and 
identification of microelements content in seeds of einkorn 
wheat (Triticum monococcum). In: Buck HT, Nisi JE, Salom N 
(eds) Wheat production in stressed environments: proceed-
ings of the 7th international wheat conference. Mar del Plata, 
Argentina, pp 455–462.
Panthee DR, Pantalone VR, Sams CE, Saxton AM, West DR, Ray-
ford WE (2004a) Genomic regions governing soybean seed. 
J Am Oil Chem Soc 81:99–103.
Panthee DR, Kwanyuen P, Sams CE, West DR, Saxton AM, Pan-
talone VR (2004b) Quantitative trait loci b-conglycinin (7S) 
and glycinin (11S) fractions of soybean storage protein. J Am 
Oil Chem Soc 81:1005–1012.
Panthee DR, Pantalone VR, West DR, Saxton AM, Sams CE 
(2005) Quantitative trait loci for seed protein and oil con-
centration, and seed size in soybean. Crop Sci 45:2015.
Panthee DR, Pantalone VR, Sams CE, Saxton AM, West DR, Orf 
JH, Killam AS (2006a) Quantitative trait loci controlling sul-
fur containing amino acids, methionine and cysteine, in soy-
bean seeds. Theor Appl Genet 112:546–553.
Panthee DR, Pantalone VR, Saxton AM, West DR, Sams CE 
(2006b) Genomic regions associated with amino acid com-
position in soybean. Mol Breed 17:79–89.
Paterson AH, Lander ES, Hewitt JD, Peterson S, Lincoln SE, 
Tanksley SD (1988) Resolution of quantitative traits into 
Mendelian factors by using a complete linkage map 
of restriction fragment length polymorphisms. Nature 
335:721–726.
Peleg Z, Cakmak I, Ozturk L, Yazici A, Jun Y, Budak H, Ko-
rol AB, Fahima T, Saranga Y (2009) Quantitative trait loci 
conferring grain mineral nutrient concentrations in durum 
wheat × wild emmer wheat RIL population. Theor Appl Genet 
119:353–369.
Qu LQ, Yoshihara T, Ooyama A, Goto F, Takaiwa F (2005) Iron 
accumulation does not parallel the high expression level of 
ferritin in transgenic rice seeds. Planta 222:225–233.
Raboy V, Dickenson DB, Below F (1984) Variation in seed to-
tal phosphorus, phytic acid, zinc, calcium, magnesium, and 
protein among lines of Glycine max and G. soja. Crop Sci 
24:431–434.
Ramesh SA, Choimes S, Schachtman DP (2004) Over-expres-
sion of an Arabidopsis zinc transporter in Hordeum vulgare 
increases short-term zinc uptake after zinc deprivation and 
seed zinc content. Plant Mol Biol 54:373–385.
Ranocha P, McNeil SD, Ziemak MJ, Li C, Tarczynski MC, 
id e n t i f i c a t i o n o f n e W Qtls f o R s e e d m i n e R a l,  c y s t e i n e,  a n d m e t h i o n i n e c o n c e n t R a t i o n s   445
Hanson AD (2001) The S-methylmethionine cycle in angio-
sperms: ubiquity, antiquity and activity. Plant J 25:575–584.
Sankaran RP, Huguet T, Grusak MA (2009) Identification of 
QTL affecting seed mineral concentrations and content in 
the model legume Medicago truncatula. Theor Appl Genet 
119:241–253.
Schmutz J, Cannon SB, Schlueter J, Ma J, Mitros T, Nelson W, 
Hyten DL, Song Q, Thelen JJ, Cheng J, Xu D, Hellsten U, 
May GD, Yu Y, Sakurai T, Umezawa T, Bhattacharyya MK, 
Sandhu D, Valliyodan B, Lindquist E, Peto M, Grant D, Shu 
S, Goodstein D, Barry K, Futrell-Griggs M, Abernathy B, 
Du J, Tian Z, Zhu L, Gill N, Joshi T, Libault M, Sethuraman 
A, Zhang X, Shinozaki K, Nguyen HT, Wing RA, Cregan P, 
Specht J, Grimwood J, Rokhsar D, Stacey G, Shoemaker RC, 
Jackson SA (2010) Genome sequence of the palaeopolyploid 
soybean. Nature 463:178–183.
Severin AJ, Cannon SB, Graham MM, Grant D, Shoemaker RC 
(2011) Changes in twelve homoeologous genomic regions 
in soybean following three rounds of polyploidy. Plant Cell 
23:3129–3136.
Sexton PJ, Naeve SL, Paek NC, Shibles R (1998) Sulfur availabil-
ity, cotyledon nitrogen:sulfur ratio, and relative abundance 
of seed storage proteins of soybean. Crop Sci 38:983–986.
Sharma S, Kaur M, Goyal R, Gill BS (2011) Physical characteris-
tics and nutritional composition of some new soybean (Gly-
cine max (L.) Merrill) genotypes. J Food Sci. doi:10. 1007/
s13197-011-0517-7
Specht JE, Chase K, Macrander M, Graef GL, Chung J, Markwell 
JP, Germann M, Orf JH, Lark KG (2001) Soybean response 
to water: a QTL analysis of drought tolerance. Cell Biol Mol 
Genet 41:493–509.
Takahashi H, Watanabe-Takahashi A, Smith FW, Blake-Kalff 
M, Hawkesford MJ, Saito K (2000) The roles of three func-
tional sulphate transporters involved in uptake and translo-
cation of sulphate in Arabidopsis thaliana. Plant J 23:171–182.
Tomatsu H, Takano J, Takahashi H, Watanabe-Takahashi 
A, Shibagaki N, Fujiwara T (2007) An Arabidopsis thali-
ana high-affinity molybdate transporter required for effi-
cient uptake of molybdate from soil. Proc Natl Acad Sci USA 
104:18807–18812.
Vasconcelos M, Datta K, Oliva N, Khalekuzzaman M, Torrizo L, 
Krishnan S, Oliveira M, Goto F, Datta SK (2003) Enhanced 
iron and zinc accumulation in transgenic rice with the ferri-
tin gene. Plant Sci 164:371–378.
Vasconcelos MW, Musetti V, Chee-Ming L, Datta SK, Grusak 
MA (2004) Functional analysis of transgenic rice (Oryza sa-
tiva L.) transformed with an Arabidopsis thaliana ferric reduc-
tase (AtFRO2). Soil Sci Plant Nutr 50:1151–1157.
Vasconcelos M, Eckert H, Arahana V, Graef G, Grusak MA, Cle-
mente T (2006) Molecular and phenotypic characterization 
of transgenic soybean expressing the Arabidopsis ferric che-
late reductase gene, FRO2. Planta 224:1116–1128.
Vreugdenhil D, Aarts MGM, Koornneef M, Nelissen H, Ernst 
WHO (2004) Natural variation and QTL analysis for cat-
ionic mineral content in seeds of Arabidopsis thaliana. Plant, 
Cell Environ 27:828–839.
Wang J, Li Y, Zhang Y, Chai T (2013) Molecular cloning and 
characterization of a Brassica juncea yellow stripe-like gene, 
BjYSL7, whose overexpression increases heavy metal toler-
ance of tobacco. Plant Cell Rep 32:651–662.
Waters BM, Grusak MA (2008) Quantitative trait locus mapping 
for seed mineral concentrations in two Arabidopsis thaliana 
recombinant inbred populations. New Phytol 179:1033–1047.
Waters BM, Sankaran RP (2011) Moving micronutrients from the 
soil to the seeds: genes and physiological processes from a 
biofortification perspective. Plant Sci 180:562–574.
Waters BM, Chu H, Didonato RJ, Roberts LA, Eisley RB, Lahner 
B, Salt DE, Walker EL (2006) Mutations in Arabidopsis yellow 
stripe-like1 and yellow stripe-like3 reveal their roles in metal 
ion homeostasis and loading of metal ions in seeds. Plant 
Physiol 141:1446–1458.
Waters BM, Uauy C, Dubcovsky J, Grusak MA (2009) Wheat 
(Triticum aestivum) NAM proteins regulate the translocation 
of iron, zinc, and nitrogen compounds from vegetative tis-
sues to grain. J Exp Bot 60:4263–4274.
Welch RM, Graham RD (2004) Breeding for micronutrients in 
staple food crops from a human nutrition perspective. J Exp 
Bot 55:353–364.
Werner AK, Sparkes IA, Romeis T, Witte C (2008) Identification, 
biochemical characterization, and subcellular localization of 
allantoate amidohydrolases from Arabidopsis and soybean. 
Plant Physiol 146:418–430.
White PJ, Broadley MR (2009) Biofortification of crops with 
seven mineral elements often lacking in human diets–iron, 
zinc, copper, calcium, magnesium, selenium and iodine. New 
Phytol 182:49–84.
Wu Y, Close TJ, Lonardi S (2011) Accurate construction of con-
sensus genetic maps via integer linear programming. IEEE/
ACM Trans Comp BiolBioinform 8:381–394.
Zhang B, Chen P, Shi A, Hou A, Ishibashi T, Wang D (2009) Pu-
tative quantitative trait loci associated with calcium content 
in soybean seed. J Hered 100:263–269.
Zhang B, Chen P, Florez-Palacios SL, Shi A, Hou A, Ishibashi T 
(2010) Seed quality attributes of food-grade soybeans from 
the U.S. and Asia. Euphytica 173:387–396.
Zuber H, Davidian J, Aubert G et al (2010) The seed composi-
tion of Arabidopsis mutants for the group 3 sulfate transport-
ers indicates a role in sulfate translocation within develop-
ing seeds. Plant Physiol 154:913–926.
 
 
  
 
 ?????????????Resource 1 Phenotypic distribution of seed concentrations of minerals, Cys, Met, Cys+Met N:S ratio and seed weight of RILs from DSR, 
NKS and Vinton populations. Bins are based on one standard deviation. Arrows indicate the trait value of the parental lines; Williams 82 (W), 
NKS19-90 (N), Vinton 81 (V), and DSR-173 (D). 
 
 
 
 Supplemental Resource 2 Scatterplots of association between N and N:S ratio, S and N:S ratio,S and N, and  N:S ratio and Cys+Met concentrations. 
Data from 288 RILs of three soybean mapping populations. Regression co-efficient is shown on each plot. 
